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Most RNA molecules require Mg2+ for their
structure and enzymatic properties. Here we
report the first example of an RNA serving as
sensor for cytoplasmic Mg2+. We establish that
expression of the Mg2+ transporter MgtA of Sal-
monella enterica serovar Typhimurium is con-
trolled by its 50 untranslated region (50UTR).
We show that the 50UTR of the mgtA gene
can adopt different stem-loop structures de-
pending on the Mg2+ levels, which determine
whether transcription reads through into the
mgtA coding region or stops within the 50UTR.
We could recapitulate the Mg2+-regulated tran-
scription using a defined in vitro transcription
system with RNA polymerase as the only pro-
tein component. The initiation of mgtA tran-
scription responds to extracytoplasmic Mg2+
and its elongation into the coding region to cy-
toplasmicMg2+, providing a singular example in
which the same ligand is sensed in different cel-
lular compartments to regulate disparate steps
in gene transcription.
INTRODUCTION
Mg2+ is the most abundant divalent cation in biological
systems (Romani and Scarpa, 2000). It is essential for
a wide variety of cellular activities, functioning as a cofac-
tor in ATP-dependent enzymatic reactions and as stabi-
lizer of membranes and ribosomes (Reinhart, 1988). While
cells maintain cytoplasmic Mg2+ levels within a narrow
range, little is known about themechanisms bywhich cells
sense Mg2+ and achieve Mg2+ homeostasis. In this paper,
we describe an RNA sensor that specifically responds to
cytoplasmic Mg2+ to control expression of a high-affinity
Mg2+ transporter.
The organism that is best understood in terms of Mg2+
homeostasis is the Gram-negative bacterium Salmonella
enterica serovar Typhimurium, which harbors a Mg2+-
responding two-component regulatory system (i.e., PhoP/
PhoQ) (Groisman, 2001) and three Mg2+ transporters (i.e.,CorA, MgtA, and MgtB) (reviewed in Smith and Maguire,
1998). ThePhoP/PhoQsystemconsists of theMg2+ sensor
PhoQ, which responds to extracytoplasmic Mg2+ by
modifying the phosphorylated state of the DNA binding
protein PhoP (see Groisman, 2001 for a review). When
Salmonella experiences lowMg2+, thePhoQprotein favors
phosphorylation of the PhoP protein, resulting in expres-
sion of PhoP-activated genes, and, when it faces high
Mg2+, PhoQ promotes dephosphorylation of phospho-
PhoP, which represses transcription of PhoP-activated
genes (Castelli et al., 2000; Chamnongpol et al., 2003;
Chamnongpol and Groisman, 2000; Montagne et al.,
2001; Soncini et al., 1996).
TheMg2+ transporter CorAmediates both the influx and
efflux of Mg2+ and does not exhibit sequence similarity to
MgtA and MgtB, which are 50% identical to each other
and solely mediate Mg2+ influx (reviewed in Smith and
Maguire, 1998). MgtA and MgtB also differ from CorA in
that transcription of the mgtA and mgtB genes is directly
regulated by the PhoP protein in response to extracyto-
plasmic Mg2+ sensed by the PhoQ protein (Soncini et al.,
1996; Yamamoto et al., 2002; Zwir et al., 2005), whereas
expression of CorA responds to neither Mg2+ nor the
PhoP/PhoQ system (Chamnongpol and Groisman, 2002).
The mgtA gene appears to be regulated by an additional
Mg2+-sensing device because chromosomal mgtA tran-
scription still responded to Mg2+ in a strain lacking the
Mg2+ sensor PhoQ and harboring PhoP*, a variant form
of the PhoP protein that expresses PhoP-activated genes
independently of the Mg2+ levels in the cell’s surroundings
(Chamnongpol and Groisman, 2000), and because lucifer-
ase activity originating from a plasmid-borne mgtA pro-
moter-lux fusion was still regulated by Mg2+ in phoP and
phoQmutants (Tao et al., 1998).
Riboswitches are metabolite-sensing regulatory ele-
ments located within RNAs (Brantl, 2004; Nudler and
Mironov, 2004; Winkler and Breaker, 2003). Naturally oc-
curring riboswitches have been identified that respond
to enzyme cofactors (Nahvi et al., 2004; Winkler et al.,
2002), amino acids (Epshtein et al., 2003; Sudarsan et al.,
2003), nucleotides (Mandal et al., 2003), and sugars (Win-
kler et al., 2004) and that sense temperature changes
(Johansson et al., 2002). In this paper, we provide the first
example of a cation-responsive riboswitch. By conducting
in vivo gene-expression assays, RNA structure probing,Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc. 71
Figure 1. The 50UTR and Coding Regions of the mgtA mRNA Are Differentially Regulated by Mg2+
(A) Reverse transcription PCR analysis of the mgtA mRNA levels synthesized by wild-type Salmonella (14028s) grown for 4 hr in N-minimal medium
(pH 7.4) with the indicated concentrations of Mg2+ (to final OD600 of ca. 0.3 for bacteria grown in 10 mMMg
2+ and ca. 0.5 for bacteria grown in 10 mM
Mg2+). The fragments generated by reverse transcription PCR with primer pair a correspond to nucleotides 1–100 of the 50UTR of mgtA (thin line at
top), and those generated with primer pair b correspond to nucleotides 1–100 of the mgtA coding region (block at top). The primer pair rpoD repre-
sents nucleotides 1–100 of the coding region of the rpoD gene, whose expression is not regulated by the PhoP/PhoQ system andwas used as control.
(B) Reverse transcription PCR analysis of themgtAmRNA levels synthesized by Plac1 strain YS929 harboring the plac1-6 promoter instead of the wild-
typemgtA promoter grown in N-minimal medium (pH 7.4) with 10 mM (L) or 10 mM (H) Mg2+. The fragments were generated with primer pairs a and
b indicated in (A). Chromosomal DNA template (c) was used as a positive control for the PCR reactions.
(C) b-galactosidase activities (Miller units) fromPlac0 strain YS774 harboring the plac1-6 promoter and a lacZYA transcriptional fusion to themgtA gene
in bacteria grown in N-minimal medium (pH 7.4) with 10 mMMg2+ (L) plus the cations indicated in the figure added at 25 mM. Data correspond to mean
values from three independent experiments performed in quadruplicate. Error bars correspond to the standard deviation (and are shown only if larger
than the resolution of the figure).mutational analysis, and in vitro transcription experiments,
we establish that the 50 untranslated region (50UTR) of the
mgtA mRNA functions as a Mg2+-sensing regulatory ele-
ment that controls productionof theMgtAproteinbydeter-
mining whether transcription reads through into the mgtA
coding region or stops within the 50UTR.
RESULTS AND DISCUSSION
The 50UTR and Coding Regions of the mgtA
mRNA Are Differentially Regulated by Mg2+
We examined the mgtA mRNA levels of wild-type Salmo-
nella that had been grown in the presence of different72 Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc.Mg2+ concentrations by conducting reverse transcription
PCR (RT-PCR) with primers corresponding to the first
100 nucleotides of the 264 nucleotide 50UTR or the first
100 nucleotides of the coding region. No mRNA for the
50UTR or coding region was detected in cells grown in
10 mM Mg2+ (Figure 1A), which was expected because
the PhoP/PhoQ system is not active at such a high Mg2+
concentration (Garcia Vescovi et al., 1996). The mRNA
corresponding to the 50UTR was present in cells experi-
encing 1mMMg2+, and its levels increased as the concen-
tration of Mg2+ used to grow the bacteria decreased
(Figure 1A). On the other hand, the mRNA corresponding
to the coding region was detected in organisms grown
in 10 mM Mg2+ but not in those grown in R50 mM Mg2+
(Figure 1A). These findings are specific for mgtA as the
mRNA levels corresponding to the rpoD gene (which
was used as control) were not affected by the levels of
Mg2+ in the media (Figure 1A). Moreover, they indicate
that the mgtA transcript reaches the coding region only
when Salmonella experiences very low Mg2+ concentra-
tions, even though mgtA transcription is initiated at Mg2+
concentrations that are 100-fold higher.
To explore the basis for the differences in the mgtA
mRNA levels exhibited by the 50UTR and the coding re-
gion, we investigated a strain in which the wild-type
mgtA promoter was replaced by a derivative of the lac
promoter—designated plac1-6—that is independent of the
cAMP receptor protein (i.e., CRP) (Liu et al., 2004) and the
PhoP protein (see Figure S1A in the Supplemental Data
available with this article online) and does not respond to
Mg2+ (Figure S1B). We found similar mRNA levels for the
50UTR in low and high Mg2+ (Figure 1B), which is consis-
tent with transcription being promoted by the plac1-6 pro-
moter. In contrast, there were strikingly higher mRNA
levels for the coding region in organisms grown in low
Mg2+ than in those grown in high Mg2+ (Figure 1B). These
results indicate that Mg2+ can regulate mgtA expression
even when transcription is initiated by a heterologous
promoter.
mgtA Transcription Elongation Specifically
Responds to Mg2+
We inquired whether transcription elongation into the
mgtA coding region responds to cations other than Mg2+
by using strain YS774, with the PhoP-independent plac1-6
promoter instead of the wild-type mgtA promoter and a
lacZYA transcriptional fusion in the mgtA coding region.
We found that Mn2+ and Ca2+, which are cations that re-
press transcription initiation by the wild-type promoter
(Garcia Vescovi et al., 1996), did not repress mgtA tran-
scription in strain YS774 (Figure 1C) (see Experimental
Procedures). Likewise, Ni2+ and Co2+, which inhibit MgtA-
mediated Mg2+ uptake (Snavely et al., 1989), failed to turn
off mgtA expression or did so only at concentrations that
were toxic to thebacterium (Figure1Canddatanotshown).
Zn2+, which is an excellent inhibitor of Mg2+ transport by
the MgtA protein (Snavely et al., 1989), reducedmgtA ex-
pression less than 2-fold at concentrations at which Mg2+
reduces expression 25-fold (Figure 1C). These results indi-
cate that Mg2+ specifically controls whether transcription
of themgtA gene proceeds into the coding region.
The 50UTR of mgtA Is Necessary and Sufficient
to Respond to Mg2+
To determine whether the 50UTR of the mgtA transcript is
required for PhoQ-independent regulation by Mg2+, we
evaluated mgtA transcription in isogenic derivatives of
a phoP*phoQ::Tn10 strain, which encodes the PhoP* var-
iant that functions in the absence of theMg2+ sensor PhoQ
(Chamnongpol and Groisman, 2000). A strain derivative
where the 100 bp sequence corresponding to positions148 to 247 of the 50UTR was substituted by the 84 bp
‘‘scar’’ sequence (see Experimental Procedures) did not
respond to Mg2+ and constitutively expressed mgtA (Fig-
ure 2A), which was in contrast to the strain with the wild-
type 50UTR (Figure 2A).
We established that themgtA 50UTR is sufficient to con-
fer Mg2+ responsiveness because the levels of b-galacto-
sidase activity were regulated by Mg2+ in a wild-type Sal-
monella strain harboring a plasmid with the sequence
corresponding to the 264 nucleotide 50UTR of mgtA be-
tween the plac1-6 promoter and the Escherichia coli lacZ
gene but not in an isogenic strain with a plasmid lacking
themgtA 50UTR (Figure 2B). The ability to confer Mg2+ re-
sponsiveness appears to be specific to the mgtA 50UTR
because cells with an isogenic plasmid containing the
50UTRof the ugtL gene, which is also transcriptionally con-
trolled by the PhoP/PhoQ system (Hilbert et al., 1999; Shi
et al., 2004), produced similar levels of b-galactosidase
activity in low and high Mg2+ (Figure S2). Taken together,
these results demonstrated that the 50UTR ofmgtA is nec-
essary and sufficient to confer Mg2+ regulation.
Figure 2. The 50UTR ofmgtA Is Required for Mg2+-Regulated
PhoQ-Independent Expression of themgtAGene andConfers
Mg2+ Regulation to a Plasmid-Linked Heterologous Promoter
(A) b-galactosidase activity (Miller units) expressed by bacteria harbor-
ing anmgtA-lac fusion grown in N-minimal medium (pH 7.4) with 10 mM
(L) or 10 mM (H) Mg2+ was determined in isogenic phoP*phoQ::Tn10
derivatives with amutant 50UTR in which nucleotides 148–247were re-
placed by the 84 bp ‘‘scar’’ sequence (see Experimental Procedures)
(YS782) or harbored the wild-type 50UTR (EG10238). Data correspond
to mean values from at least three independent experiments per-
formed in duplicate. Error bars correspond to the standard deviation
(and are shown only if larger than the resolution of the figure).
(B) Ratio of the b-galactosidase activity (Miller units) expressed by
wild-type Salmonella (14028s) harboring a plasmid with the mgtA
50UTR behind the plac1-6 promoter and before the E. coli lacZ gene
(pYS1010) or the plasmid vector (pYS1000) grown in N-minimal me-
dium (pH 7.4) with 10 mM (L) versus 10mM (H) Mg2+. The fold induction
of b-galactosidase activity was calculated by dividing the b-galactosi-
dase activity of cells grown in 10 mM (L) Mg2+ by the b-galactosidase
activity of cells grown in 10 mM (H) Mg2+. Data correspond to mean
values from at least three independent experiments performed in du-
plicate. The actual values of b-galactosidase activity are presented
in Table S3.Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc. 73
Figure 3. Predicted Secondary Structure of the Phylogenetically Conserved mgtA 50UTR
(A) Schematic representation of the secondary structure of the 264nucleotidemgtA50UTR fromSalmonella enterica serovar Typhimuriumaspredicted
by theMfold program. Left: stem loops A and B, which are postulated to form in highMg2+. Right: stem loop C, which is predicted to form in lowMg2+.
Sequences in color represent regions involved in stem structures. The predicted energy for stem loops A, B, and C is presented underneath.74 Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc.
A Possible Regulatory Mechanism Suggested
by the Phylogenetically Conserved Structure
of the mgtA 50UTR
We used the Mfold program (http://www.bioinfo.rpi.edu/
applications/mfold/) to predict the secondary structure
that might be adopted by the mgtA 50UTR and identified
two potential stem-loop structures that we termed A and
B (Figure 3A). The stem in A would result from pairing
nucleotides 56–66 to nucleotides 115–125, and the stem
in B from pairing nucleotides 135–144 to nucleotides
151–160 (Figure 3A). Further analysis revealed that an
alternative stem-loop structure—termed C—could be
formed by pairing nucleotides 118–125 from the right
arm of stem A to nucleotides 140–147 from the left arm
of stem B plus three nucleotides from loop B (Figure 3A).
Investigation of the microbial genome databases indi-
cated the presence of mgtA homologs in eight additional
Gram-negative species. In six of these species—E. coli,
Citrobacter rodentium, Klebsiella pneumoniae, Erwinia
chrysanthemi, Serratia marcescens, and Yersinia entero-
colitica—the mgtA open reading frame was preceded by
sequences that, upon transcription, could adopt stem-
loop structures very similar to those described above for
the Salmonella mgtA 50UTR (Figures 3B–3G). The pre-
dicted stem regions of these species are highly conserved
or have minor nucleotide substitutions that retain the abil-
ity to adopt the alternative stem-loop structures A plus B
versus C. In addition to the stem loops A, B, and C, other
regions of the 50UTR are also conserved (Figure S3). For
example, the AUGG sequence corresponding to positions
71–74 in the loop A of the Salmonella 50UTR is found in six
of the seven species, and the predicted stem-loop struc-
ture at positions 91–106 in the Salmonella 50UTR is pres-
ent in four of the species (Figure 3). This analysis suggests
that expression of the mgtA gene might be controlled in
a similar manner in these enteric bacteria, which is the
case for E. coli because its mgtA 50UTR conferred Mg2+
regulation when cloned in a plasmid between the plac1-6
promoter and the E. coli lacZ gene (Figure S2), like the Sal-
monella mgtA 50UTR (Figure 2B).
Taken together with the data presented in the previous
sections (Figure 1 and Figure 2), the analysis of the 50UTR
raised the possibility thatmgtA expression is regulated by
a transcription attenuation-like mechanism (Henkin and
Yanofsky, 2002; Landick et al., 1996). Under this scenario,
themgtA 50UTRmight adopt different structures (i.e., stem
loops A plus B versus C), which would be determined by
the cytoplasmic Mg2+ levels, and result in transcription
stopping within the 50UTR or proceeding into the mgtA
coding region.Potential Role of the Different Stem-Loop Structures
in mgtA Expression
We constructed a set of isogenic strains with a chromo-
somal lacZYA fusion in the mgtA coding region, lacking
the PhoP-regulated wild-typemgtA promoter and harbor-
ing the plac1-6 promoter at different positions within the
mgtA 50UTR sequence. By generating shorter transcripts
that were precluded from forming particular stem-loop
structures (Figure 3A), we hoped to gain insight into which
structuresmight be associatedwith transcription stopping
before versus continuing into themgtA coding region.
When transcription was initiated at position 32, mgtA
expression was responsive to Mg2+ (Table 1) as in strain
Plac1 (Figure 1B), which starts transcription at the same
position as the wild-type promoter, arguing that the first
31 nucleotides of the 50UTR are not necessary for Mg2+
regulation ofmgtA expression. (The transcription start site
for the mgtA gene in the generated strains was verified
experimentally by S1 mapping [Figure S4]; mgtA expres-
sion was also regulated by Mg2+ in strain Plac0, where
mgtA transcription starts 11 nucleotides upstream of the
wild-type start site [Table 1].) When transcription began
at position 76, mgtA expression was constitutively active
(Table 1). The 50UTR in strain Plac76 lacks the sequences
thatmake up the left arm of stemA. According to theMfold
program, this would preclude formation of stem loop A but
not stem loop C, which would be favored over stem loop
B.When transcription started at position 126, therewas no
Table 1. Mg2+-Regulated Expression of themgtA
Gene in Strains with 50UTRs of Different Lengths
Strains
b-Galactosidase Activity (Miller Units)
Low Mg2+ High Mg2+
Plac0 253 ± 26 24 ± 5
Plac32 431 ± 34 45 ± 3
Plac76 312 ± 4 236 ± 2
Plac126 0 0
Plac158 645 ± 34 399 ± 12
b-galactosidase activity (Miller units) expressed by strains
harboring a mgtA-lac transcriptional fusion transcribed from
the plac1-6 promoter located at different positions within the
50UTR: 11 (Plac0, YS774), 32 (Plac32, YS802), 76 (Plac76,
YS779), 126 (Plac126, YS824), and 158 (Plac158, YS803)
(Figure S4). Bacteria were grown in N-minimal medium (pH
7.4) with 10 mM (low) or 10 mM (high) Mg2+. Data correspond
tomean values from two independent experiments performed
in duplicate. Errors correspond to standard deviation.(B–G) Predicted stem-loop structures A, B, and C corresponding to the potential 50UTRs for themgtA gene from Escherichia coli, Citrobacter roden-
tium,Kelbsiella pneumoniae,Erwinia chrysanthemi,Serratiamarcescens, andYersinia enterocolitica. Sequences in color represent regions involved in
stem-loop structures. The predicted energy for the three stem loops A, B, and C is presented underneath. Note conservation of AUGG sequence of
loop A in all species but Y. enterocolitica and of the short stem loop within loop A in S. enterica, E. coli, C. rodentium, and K. pneumoniae. Other con-
served regions are shown in Figure S3.Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc. 75
Figure 4. RNase T1 Probing of Wild-Type or Mutant Derivatives of the mgtA 50UTR Affected in Stem Loops C or A
(A) RNase T1 cleavage of the full-length mgtA 50UTR (1–264; lanes 2–5) or of a fragment lacking the stem loop A region (132–264; lanes 6–9) of the
mgtA 50UTR following denaturation and incubation with 0.35 (L) or 3.5 mM (H) Mg2+ as described in Experimental Procedures. C corresponds to un-
treated RNA, G to T1-treated RNA that was previously denatured, and M to a C-plus-U marker lane. A 6% polyacrylamide gel was used to separate
the products.
(B) RNase T1 cleavage of the full-length wild-type 264 nucleotide 50UTR or derivatives with the G120C, C145G, or G120 andC145G substitutions. The
RNA samples were treated and run as described in Experimental Procedures and in (A), which also has the description of C, G, and M.76 Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc.
mgtA expression (Table 1). The 50UTR in strain Plac126
could not form stem loops A or C, but the ability to form
stem loopB remained unaltered (Figure 3A). This suggests
that stem loop Bmay be the structure formed in high Mg2+
and be responsible for transcription stopping before the
mgtA coding region. These results also imply that forma-
tion of stem loop C, being the alternative to stem loops
A plus B, might be favored in lowMg2+. Finally, when tran-
scription initiated at position 158, mgtA expression was
constitutively high (Table 1). The 50UTR in strain Plac158
lacks the sequences that make up stem loops A, B, and
C, indicative that sequences within the first 157 nucleo-
tides of the 50UTR are necessary for Mg2+-regulated ex-
pression of the mgtA gene. In sum, these data suggest
that formation of stem loops B and C is associated with
transcription stopping and reading through into the mgtA
coding region, respectively.
Mg2+ Modifies the Structure of the mgtA 50UTR
We asked whether Mg2+ alters the structure of the mgtA
50UTR and whether the structures adopted by the
50UTR resemble those predicted by the Mfold program
(Figure 3A). We used T7 RNA polymerase to synthesize
the full-length 264 nucleotide mgtA 50UTR, and, following
incubation in the presence of different concentrations of
Mg2+, we treated the RNA with RNases or chemicals to
probe the mgtA 50UTR structure.
Treatment with RNase T1, which cleaves unpaired G
residues, revealed that Mg2+ differentially affects the
accessibility of several guanosines. For example, G151
was cleaved much more in low Mg2+ than in high Mg2+
(Figure 4A, lanes 3–5), suggesting that G151 is base paired
in high Mg2+ but not in low Mg2+, which is in agreement
with themodel presented in Figure 3A. This is in contrast to
the similar T1 cleavage observed in high and low Mg2+ at
the nearby G149 (Figure 4A, lanes 3–5), a nucleotide pre-
dicted to stay unpaired under both conditions (Figure 3A).
On the other hand, G146 and G147 were cleaved more in
high Mg2+ than in low Mg2+ (Figure 4A, lanes 3–5), indicat-
ing that they are unpaired and accessible to T1 in high
Mg2+ but not as much in low Mg2+. This is consistent with
the model in which G146 and G147 are part of loop B in
highMg2+ and stemC in lowMg2+ (Figure 3A). We also ob-
served more T1 cleavage in low than in high Mg2+ at G73
and G74 in the stem loop A region (Figure 4B, lanes 3–5)
and also at G172, G178, and G195 (Figure 4A, lanes
3–5), downstream of stem loop B (Figure 3A).
RNase V1 recognizes residues that are in a somewhat
helical conformation and can be used to detect base-
paired nucleotides. Although Mg2+ affects V1 activity
(Lowman and Draper, 1986), we obtained useful informa-
tion about base-paired regions in themgtA 50UTR (Figures
S5B and S5C) and determined that V1 cleavage at C127was enhanced in high Mg2+ compared to low Mg2+ (Fig-
ure S5C). Chemical treatment with 1-cyclohexyl-3-(2-
morpholinoethyl)-carbodiimidemetho-p-toluenesulfonate
(CMCT), which alkylates unpaired uridines and (to a lesser
extent) unpaired guanosines, and with dimethyl sulfate
(DMS), which alkylates unpaired adenosines and cyti-
dines, resulted in modifications (Figures S5D and S5E)
generally supporting the predictions made by the model
(Figure 3A). On the other hand, we found that G97, U128,
and G129 were modified by CMCT in low more than in
high Mg2+ (Figure S5D), which was also the case for DMS
modification of C126 and C127 (Figure S5D), in agreement
with the results of V1 treatment. These data argue that
nucleotides 126–129 are not single stranded in high Mg2+
in the tertiary structure of themgtA 50UTR, which is in con-
trast to the prediction made byMfold (Figure 3A). Cumula-
tively, the results presented in this section demonstrate
that Mg2+ can modify the structure of themgtA 50UTR.
Mutations that Affect Stem Loop C Formation
Abolish Low-Mg2+-Induced mgtA Expression
To test the model wherein stem loop C is favored in low
Mg2+ and promotes mgtA transcription whereas stem
loops A plus B are favored in high Mg2+ and inhibit mgtA
expression (Figure 3A), we investigated both the ability of
mutant derivatives of the mgtA 50UTR to mediate Mg2+-
regulated gene expression and whether the structure of
the mutant RNAs is modified by Mg2+.
We constructed a mutant with the C145G single-
nucleotide substitution in the loop sequence of stem
loop B that is predicted to be part of the left arm of stem
C, so that formation of stem C would be disrupted without
interfering with the formation of stem B (Figure 3A). In this
mutant, mgtA expression was off regardless of the Mg2+
concentration (Table 2). An almost identical phenotype
was displayed by the G120C mutant (Table 2), which is
also expected to be defective in formation of stem C (Fig-
ure 3A). On the other hand, a double mutant harboring
both the C145G and G120C substitutions displayed
Mg2+-regulated mgtA expression similar to that of the
wild-type 50UTR (Table 2). The restoration of activity in the
double mutant supports a model in which G120 normally
base pairs with C145 (Figure 3A) and formation of stem
loop C is required for mgtA expression in low Mg2+. Al-
though G120 is predicted to pair with C61 in high Mg2+
(Figure 3A), a mutant with the C61G substitution retained
near wild-type regulation of mgtA expression (Table 2),
possibly because stem A is still formed due to base stack-
ing of G residues (Figure 3A).
We probed the structure of the mutant 50UTRs with
RNase T1, focusing on those guanosines that are differen-
tially affected by Mg2+ in the wild-type 50UTR (Figure 4A,
lanes 3–5). We determined that, whereas G151 is cleaved(C) RNase T1 cleavage of the 51–137 nucleotide stem loop A region of the mgtA 50UTR. The RNA samples were treated and run as described in
Experimental Procedures and in (A).
(D) RNase T1 cleavage of the 51–137 nucleotide stem loop A region of themgtA 50UTR or derivatives with the C61G, G120C, or C61G and G120 sub-
stitutions. The RNA samples were treated and run as described in Experimental Procedures and in (A).Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc. 77
in low Mg2+ in the wild-type 50UTR (Figure 4B, lanes 3–5),
there was no cleavage at either high or low Mg2+ in the
G120C mutant (Figure 4B, lanes 7–9). The C145G mutant
50UTR behaves like the G120C mutant in that it fails to ex-
press themgtA gene (Table 2). However, the profile of the
C145G mutant RNA was different from both those of the
wild-type and G120C RNAs in that there was much en-
hanced T1 cleavage at G147 and G149 (Figure 4B, lanes
11–13). The RNAs corresponding to the G120C and the
C145G single mutants were not cleaved at the conserved
G73 and G74 (Figure 4B, lanes 7–9 and 11–13), but the
RNA for the Mg2+-responding G120C C145G double mu-
tant showed the Mg2+-regulated cleavage displayed by
the wild-type RNA at these nucleotides (Figure 4B, lanes
15–17 and 3–5). Yet the T1 cleavage pattern of the G120C
C145G double mutant RNAwas not entirely like that of the
wild-type because there was no cleavage at G146 and be-
causeG151was cleaved to a similar extent in low and high
Mg2+ (Figure 4B, lanes 15–17). Collectively, these results
demonstrate that the ability to form stem loop C is neces-
sary for Mg2+-regulated mgtA transcription as mutants
that affect formation of stem loop C are unable to express
the mgtA gene and exhibit an altered RNA structure.
Stem Loop A Is Critical for Mg2+ Sensing
The DGs predicted for stem loops B and C are very similar
(i.e., 12.7 and 12.8 kcal/mole, respectively), suggest-
ing that the decision over which of these two structures
Table 2. Mg2+-Regulated Expression Mediated by the
mgtA 50UTR or Mutant Derivatives
Plasmid
b-Galactosidase
Activity (Miller Units)
Low Mg2+ High Mg2+
pYS1000 (vector) 9615 ± 192 5161 ± 226
pYS1010 (mgtA-50UTR) 798 ± 26 77 ± 3
pYS1010-C61G 692 ± 57 156 ± 11
pYS1010-G120C 3 ± 3 0
pYS1010-C145G 16 ± 5 3 ± 3
pYS1010-C61G-G120C 4 ± 3 3 ± 2
pYS1010-G120C-C145G 876 ± 115 117 ± 14
pYS1010-C61G-G120C-C145G 607 ± 100 157 ± 7
pYS1010-mut91-95 76 ± 2 41 ± 2
pYS1010-mut91-95-mut102-106 641 ± 48 44 ± 4
pYS1010-1-178 605 ± 44 382 ± 50
b-galactosidase activity (Miller units) expressed by wild-type
Salmonella (14028s) harboring the plasmid vector pYS1000,
plasmid pYS1010 with the Salmonella mgtA 50UTR located
behind the plac1-6 promoter and before the E. coli lacZ gene,
or derivatives of plasmid pYS1010 with nucleotide sub-
stitutions or deletions in the mgtA 50UTR region. Strains
were grown in N-minimal medium (pH 7.4) with 10 mM (L) or
10 mM (H) Mg2+. Data correspond to mean values of four ex-
periments. Errors correspond to standard deviation.78 Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc.forms is probably made by a different region of the 50UTR,
most likely in response toMg2+.Wehypothesized that loop
A may be one such region because parts of this loop are
highly conserved in other enteric species (Figure 3A) and
because some of the conserved regions are differentially
cleaved by T1 in the presence of Mg2+ (Figure 4B, lanes
3–5). Thus, we investigated the phenotype of mutant loop
A derivatives, the ability of Mg2+ to alter the structure of
stem loop A when present by itself, and whether Mg2+-
promoted changes in stem loops B and C depend on the
presence of stem loop A.
The Mfold program predicts the formation of a short
stem from the pairing of nucleotides 91UCUCC95 to
102GGAGA106 (Figure 3A). We constructed a mutant dis-
rupted in such a stem by replacing the 91UCUCC95
sequence by 91AGAGG95 and found that the resulting
50UTR lost the ability to respond to Mg2+, promoting con-
stitutive mgtA transcription, albeit at levels lower than the
wild-type 50UTR when experiencing low Mg2+ (Table 2).
The formation of this short stem and its role in Mg2+ sens-
ing is supported by the phenotype of a double mutant with
the 91AGAGG95 and 102CCUCU106 substitutions, which re-
gained Mg2+ regulation ofmgtA expression (Table 2) pos-
sibly due to the renewed ability to form a stem.
We probed the structure of stem loop A by examining
the T1 cleavage pattern of an RNA corresponding to nu-
cleotides 51–137 of the 264 nucleotide 50UTR. We ob-
served enhanced accessibility to T1 in low Mg2+ at the
conserved G73 and G74, and also for G99 (Figure 4C).
These results indicate that Mg2+ can affect the structure
of the loop A region even in the absence of sequences lo-
cated upstream and downstream of stem loop A. We then
sought evidence for the existence of the predicted stem in
stem loop A (i.e., nucleotides 56–66 pairing to nucleotides
115–125) by comparing the T1 cleavage pattern of the
wild-type stem loop A RNA to those corresponding to
RNAs with nucleotide substitutions in this region. There
was no cleavage in low or high Mg2+ at G120 or G121 in
the wild-type stem A RNA (Figure 4D), consistent with
these nucleotides being base paired (Figure 3A). However,
cleavage could be detected at both of these residues in
the RNA prepared from the C61G mutant (Figure 4D),
which is anticipated to disrupt stem A (Figure 3A). Like-
wise, there was strong cleavage at G121 in the RNA pre-
pared from the G120C mutant (Figure 4D). On the other
hand, there was no cleavage at G121 in the C61G
G120C double mutant (Figure 4D), presumably because
stem A could reform. These data support the existence
of stem A and demonstrate that Mg2+ can affect the struc-
ture of the stem loop A RNA when present by itself.
We have shown above that Mg2+ alters the accessibility
of RNase T1 to G151 (Figure 4A, lanes 3–5), consistent
with the notion that G151 may be part of stem B in high
Mg2+ but unpaired in low Mg2+ (Figure 3A). We asked
whether stem loop A was necessary for this change in
stem B by comparing the T1 cleavage pattern of the full-
length 264 nucleotide mgtA 50UTR to that of a derivative
containing only the 132–264 region, which lacks the stem
loop A sequences. We found no T1 cleavage at G151 or at
the nearby G149 in either high or low Mg2+ in the latter
RNA (Figure 4A, lanes 7–9), suggesting that the stem
loop A is required for the Mg2+-promoted changes in the
loop B region.
In sum, our data demonstrate that stem loop A is
required for Mg2+ sensing and for the Mg2+-promoted
changes taking place in stem loops B and C. While our re-
sults do not exclude the possibility that regions other than
stem loop A may also participate in Mg2+ sensing, it is
likely that, as the stem loop A region of the 50UTR is tran-
scribed, it traps the 50UTR RNA into distinct structures de-
pending on the Mg2+ concentration that ultimately deter-
mine whether transcription reads through into the mgtA
coding region.
Mg2+ Inhibits Transcription Elongation beyond
the mgtA 50UTR In Vitro
To examine Mg2+-regulated transcription elongation
across themgtA 50UTR, we set up an in vitro transcription
system consisting of E. coli RNA polymerase s70 holoen-
zyme, linear DNA templates harboring the plac1-6 promoter
(Liu et al., 2004), and different concentrations of Mg2+. A
transcription assay with a template containing the first
260 nucleotides of the E. coli lacZ coding region resulted
in a transcript whose levels increased as the Mg2+ con-
centration increased (Figure 5A, left panel), which is
consistent with the Mg2+ dependency of the in vitro tran-
scription reaction (Niyogi and Feldman, 1981). In contrast,
when we used a template containing the same promoter
and identical upstream sequences but harboring the full-
length wild-type 50UTR of the mgtA gene, two bands
were observed: a large one representing the readthrough
transcript, the amount of which decreased as the Mg2+
concentration increased (Figure 5A, right panel), and a
small one corresponding to a truncated product of ap-
proximately 220 nucleotides (Figure 5A, right panel). Thus,
higher levels of the readthrough transcript were obtained
at low Mg2+ even though the plac1-6 promoter functions
better at high Mg2+. Changes in the relative levels of the
readthrough and truncated transcripts were observed in
the range of Mg2+ concentrations reported for Salmonella
growing in defined media (Froschauer et al., 2004).
The site where transcription stops is unusual in that the
sequences preceding it do not have the typical features of
Rho-independent terminators (i.e., a GC-rich RNA hairpin
followed by a poly-U sequence (Landick et al., 1996)) and
in that the generation of a truncated product did not
require the Rho protein. This raised the possibility of the
truncated product resulting from RNA-mediated cleav-
age as demonstrated for the glucosamine-6-phosphate-
responding riboswitch (Winkler et al., 2004), as opposed
to originating from transcription stopping. To distinguish
between these two possibilities, we conducted the in vitro
transcription reaction with the 50UTR-containing template
and then added 32pCp and T4 RNA ligase, which resulted
in labeling of the truncated product (Figure 5B). This indi-
cates the presence of a free 30OH group in the generatedRNA and suggests that the truncated RNA was likely
produced as a result of early transcription termination or
pausing because ribozymes that yield free 20 and 30 hy-
droxyl groups are typically larger than the 220 nucleotide
mgtA 50UTR (Jacquier, 1996). Consistent with this notion,
a single product was obtained when the 50UTR was syn-
thesized in vitro by T7 RNA polymerase instead of E. coli
RNA polymerase (Figure 5C). This product was of the
same size as that corresponding to the readthrough tran-
script generated with E. coli RNA polymerase. Moreover,
when the E. coli RNA polymerase was used to transcribe
the template with the mgtA 50UTR, there was no delay in
the appearance of the truncated product relative to the
readthrough product as would be expected for a matura-
tion reaction (data not shown). Furthermore, addition of
Mg2+ did not promote degradation of the readthrough
transcript generated in vitro (data not shown). Cumula-
tively, these results demonstrate that the mgtA 50UTR re-
sponds toMg2+ by affecting the ability of RNA polymerase
to stop transcription, which may explain the small mgtA-
derived RNA detected in vivo in both Salmonella (unpub-
lished data) and E. coli (Kawano et al., 2005).
The Region Downstream of Stem Loop B Is Required
for Mg2+-Regulated mgtA Expression
We hypothesized that sequences beyond position 160
in the 50UTR (Figure 3A) might be required for Mg2+-
regulatedmgtA expression for the following reasons: first,
Mg2+ affected T1 cleavage at positions G172, G178, and
G195 (Figure 4A, lanes 3–5) and V1 cleavage at U193 (Fig-
ure S5B); second, this region is conserved among enteric
species (Figure S3); and third, transcription termination
takes place in this region (Figure 5A, right panel). Consis-
tent with this notion, a strain harboring a derivative of the
50UTR with the sequence corresponding to positions 1 to
178 constitutively expressed the mgtA gene (Table 2).
This suggests that sequences downstream of stem loop B
participate in Mg2+ sensing and/or transcription stopping.
Concluding Remarks
Expression of the Mg2+ transporter MgtA is governed at
two distinct steps: First, the initiation ofmgtA transcription
is regulated by the PhoP protein, whose activity is con-
trolled by the sensor PhoQ in response to extracytoplas-
mic Mg2+ (Garcia Vescovi et al., 1996), and second, the
early stopping of mgtA transcription is controlled by its
50UTR, which responds to cytoplasmic Mg2+ (Figure 6).
This dual control may enable Salmonella to exert differen-
tial regulation of those determinants directly affecting
cytoplasmic Mg2+ (i.e., the Mg2+ transporters MgtA and
MgtB), which are transcriptionally controlled by the same
regulatory system (i.e., PhoP/PhoQ) governing expression
of the determinants mediating modifications in the bacte-
rial cell envelope. Indeed, expression of the PhoP-regu-
latedmgtCB operon, which encodes the inner-membrane
protein MgtC and the Mg2+ transporter MgtB, appears to
be controlled in anmgtA-like fashion asmgtCB transcrip-
tion also responds to Mg2+ in the absence of the Mg2+Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc. 79
Figure 5. Mg2+ Promotes Transcription Stopping within the 50UTR of mgtA In Vitro
(A) In vitro transcription of templates corresponding to the first 260 nucleotides of the lacZ coding region driven by the plac1-6 promoter (left panel) or
harboring the plac1-6 promoter and the full-length wild-typemgtA 5
0UTR sequence (right panel) was conducted as described in Experimental Proce-
dures. Arrow indicates the transcripts synthesized from reactions containing (from left to right) 0.35, 0.7, 1.4, or 3.5 mMMg2+. The lacZ relative abun-
dance was calculated by the formula (intensity of transcript at a given Mg2+ concentration)/(intensity of the most highly expressed transcript)  100.
The percent of readthrough product was calculated by the formula (intensity of readthrough transcript at a given Mg2+ concentration)/(intensity of
readthrough transcript at a given Mg2+ concentration + intensity of truncated transcript in such Mg2+ concentration)  100. The intensities were first
corrected to account for the number of Us in each transcript. With the same formula used to calculate the relative abundance of lacZ, we determined
that, for reactions containing 0.35, 0.7, 1.4, or 3.5 mM Mg2+, the relative abundance of the readthrough product was 67%, 100%, 94%, and 67%,
respectively, and for the truncated product was 18%, 47%, 81%, and 100%, respectively. The ladder corresponds to a PCR product generated
with primers 4443 and 32P-labeled primer 4445 and degraded by the Maxam and Gilbert reaction.
(B) In vitro transcription of a template corresponding to the Plac32 strain YS802 and harboring the plac1-6 promoter with the full-length wild-typemgtA
50UTR sequence was conducted in buffer containing 0.35 (L) or 3.5 (H) mMMg2+. Readthrough and truncated products are indicated by arrows. The
products were labeled with 32pCp as described in Experimental Procedures.
(C) In vitro transcription of a template harboring the plac1-6 promoter and the full-length wild-typemgtA 5
0UTR sequence conducted in buffer contain-
ing 0.35 (L) or 3.5 (H)mMMg2+ using RNApolymerase from E. coli (left) or phage T7 (right). The reactions were performed as described in Experimental
Procedures.sensor PhoQ protein in a process that requires the 50UTR
of the mgtCB operon (unpublished data).
WhenSalmonella experiences a low-Mg2+ environment,
mgtA is the first PhoP-activated gene that is transcribed
(unpublished data), which may reflect the organism’s ef-
fort to maintain physiological levels of cytoplasmic Mg2+.
Once the MgtA protein is produced, it will mediate inter-
nalization of Mg2+, which will eventually bind to the mgtA
50UTR to shut off MgtA expression. This regulatory design
allows for rapid uptake of Mg2+ and at the same time
makes MgtA an arbiter of its own expression (Figure 6).
The dual control described formgtA is in contrast to the
vast majority of genes that are controlled by riboswitches,
which are typically regulated solely by their respective
riboswitches (Brantl, 2004; Nudler and Mironov, 2004;
Winkler and Breaker, 2003). Yet it is not unprecedented for
genes subjected to attenuation-like regulation, as expres-80 Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc.sion of the trp biosynthetic genes of E. coli is determined
both by the tryptophan-responding TrpR protein binding
to the trp promoter-operator region and by a transcription
attenuation mechanism that senses charged tRNATrp
(Bennett and Yanofsky, 1978; Yanofsky, 2004). However,
themgtA regulation differs from that of the trp genes in that
in the former case the same ligand (i.e., Mg2+) acts at two
different cell compartments (i.e., the periplasm and the
cytoplasm) to control gene expression, whereas in the lat-
ter case different molecules (i.e., tryptophan and tRNATrp)
do so in the same compartment (i.e., the cytoplasm).
Mg2+ has been known to be a critical ion for the struc-
ture and biochemical properties of many RNAs (Draper
et al., 2005). We now report that Mg2+ can regulate gene
expression by modifying the structure of the mgtA
50UTR. To our knowledge, the 50UTR of the Mg2+ trans-
porter mgtA gene constitutes the first example of a
riboswitch that responds to a metal ion. It is likely that
additional ion-regulated riboswitches exist, as suggested
by in silico analyses of several putative ion transporters
(Barrick et al., 2004; Merino and Yanofsky, 2005).
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions
Bacterial strains and plasmids used in this study are listed in Table S1.
All Salmonella enterica serovar Typhimurium strains used in this study
were derived from the wild-type strain 14028s. MudJ (also known as
MudI1734) is a derivative of bacteriophage Mu (Castilho et al., 1984)
that was used to generate lacZYA transcriptional fusions to the mgtA
gene. Phage P22-mediated transductions were performed as de-
scribed (Davis et al., 1980). Bacteria were grown at 37ºC in Luria-
Bertani (LB) broth or in N-minimal medium (pH 7.4) (Snavely et al.,
1991), supplemented with 0.1% casamino acids, 38 mM glycerol, and
different concentrations of MgCl2. The ability of Mn
2+, Ni2+, Co2+, Ca2+,
or Zn2+ to repress mgtA transcription was investigated in N-minimal
medium supplemented with 10 mM Mg2+ plus the cation of interest at
25 mM. This concentration was chosen because it was sufficient for
Mg2+-promoted repression of mgtA transcription. When necessary,
antibiotics were added to final concentrations of 50 mg/ml for ampi-
cillin, 20 mg/ml for chloramphenicol, 50 mg/ml for kanamycin, and
12.5 mg/ml for tetracycline. E. coli strain DH5a was used as host for
the preparation of plasmid DNA. Strain and plasmid constructions
Figure 6. Model for Regulation of the Salmonella MgtA Mg2+
Transporter
When Salmonella experiences a low-Mg2+ environment, the sensor
PhoQ responds to extracytoplasmic Mg2+ by promoting phosphoryla-
tion of the DNA binding protein PhoP, which binds to the mgtA pro-
moter and initiates mgtA transcription. If cytoplasmic Mg2+ levels are
above a certain threshold, Mg2+ binding to the mgtA 50UTR results in
the formation of stem-loop structures that promote transcription stop-
ping within the 50UTR. Once the cytoplasmic Mg2+ concentration goes
below a certain level, an alternative stem-loop structure is formed,
which allows readthrough into the mgtA coding region. Production of
the MgtA protein allows internalization of Mg2+, the concentration of
which will increase, resulting in binding to the mgtA 50UTR and the
shutting off of MgtA expression.are presented in Supplemental Experimental Procedures. The ‘‘scar’’
sequence, which corresponds to the 84 bp that remain after removing
the CmR cassette generated by the one-step disruption procedure
(Datsenko and Wanner, 2000), is as follows: 50-TGTGTAGGCTGGA
GCTGCTTCGAAGTTCCTATACTTTCTAGGAATAGGAACTTCGGAAT
AGGAACTAAGGAGGATATTCATATG-30.
Reverse Transcription PCR
Total RNA was isolated with the MasterPure RNA Purification Kit
(EPICENTRE) according to the manufacturer’s specifications. Reverse
transcription was carried out with TaqMan Reverse Transcription Re-
agents (Applied Biosystems, Roche), cDNA was synthesized by using
0.5 mg total RNA as template according to the manufacturer’s spec-
ifications, and PCR was carried out with 2 TaqPCR Master Mix
(QIAGEN) and 1.25 mCi [a-32P]dCTP per reaction for 26 thermocycles
to amplify the first 100 bp of the mgtA 50UTR using primers 4443 and
4446 or to amplify the first 100 bp of the mgtA coding region using
primers 4439 and 4440. As a control, primers 6179 and 6180 were
used to amplify the first 100 bp of the rpoD coding region, whose ex-
pression does not respond to changes in the concentration of Mg2+.
b-Galactosidase Assays
b-galactosidase assays were carried out in duplicate or triplicate, as
indicated in the figure or table legends, and the activity was deter-
mined as described (Miller, 1972).
Enzymatic and Chemical Probing of the mgtA 50UTR
RNA Structure
The mgtA 50UTR RNA was synthesized with T7 RiboMAX Express
Large Scale RNA Production Systems (Promega) according to the
manufacturer’s specifications using PCR-generated products as tem-
plates. The PCR products were generated using DNA from wild-type
Salmonella strain 14028s and the following primers: 6427 and 6432
for the 51–137 template, 6429 and 4445 for the 132–264 template,
and 4443 and 4445 for the 1–264 template.
RNase probing of the mgtA 50UTR secondary structure was carried
out as described (Knapp, 1989), with the following modifications.
Cleavage with RNase T1 was carried out using the 30 32pCp-labeled
RNA generated from the T4 RNA ligase reaction (England et al.,
1980). A tube containing 11.8 ml of H2O and 3 ml of 3
0 32pCp-labeled
RNA (corresponding to 1.2 mg) was heated at 95ºC for 5 min, put
on ice for 30 s, and then placed at room temperature for 2 min.
Then, we added 2 ml of 3.5 or 35 mM MgCl2, 1 ml 2 M KCl, and 0.2 ml
1 M Tris (pH 7.0) and incubated at 37ºC for 30 min. Then, we added
0.04 U RNase T1 (diluted from a 1 U/ml stock solution to 0.2 U/ml
with reaction buffer, which had the same composition described
above). The tubes were incubated at 37ºC for 15 min. Forty microliters
of inactivation/precipitation buffer (Ambion) was added, and the tubes
were incubated at 20ºC for 15 min. The RNA was pelleted by centri-
fugation at 14,000 rpm for 15min, and the pellet was washed with 75%
ethanol and air dried. Ten microliters of gel loading buffer II (Ambion)
was added, mixed, and heated to 95ºC for 5 min. Three microliters was
used to load 6% acrylamide/7.5 M urea sequencing gel. The gel was
run for different amounts of time. Cleavage with RNase V1 was per-
formed as described above for T1, except that we used 0.01 U
RNase V1 in a total volume of 20 ml of RNA solution containing
1.2 mg of 30 32pCp-labeled RNA.
Chemical modification of the RNA with DMS was carried out as fol-
lows: One microliter of RNA solution (corresponding to 5 mg) was
mixed with 134 ml of H2O, incubated at 95ºC for 5 min, cooled on ice
for 30 s, and placed at room temperature for 5 min. Forty microliters
of 1 M HEPES, 5 ml of 2 M KCl, and 20 ml of 3.5 or 35 mM MgCl2
were added and incubated at 37ºC for 30 min. One microliter of
DMS was added, and the reaction mixture was incubated at 37ºC for
5 min. Twenty microliters of 3 M NaAc (pH 5.5) was added. Then,
600 ml cold ethanol was added, and the tube was vortexed and kept
on dry ice for 15 min. The RNA was pelleted by centrifugation atCell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc. 81
14,000 rpm for 15 min, and the pellet was washed with 75% ethanol
and air dried. The products were reverse transcribed using Super-
Script II RNase H Reverse Transcriptase (Invitrogen) according to
the manufacturer’s specifications, separated using 7.5 M urea poly-
acrylamide gel electrophoresis, and detected by autoradiography.
The cleavage sites were determined by using a DNA sequencing lad-
der generated from a PCR product amplified with primers 4443 and
32P-labeled 4445 and degraded by the Maxam and Gilbert reaction.
DMS modification of the denatured RNA was carried out in a similar
fashion except that we used 2 ml of RNA solution (corresponding to
10 mg), which was mixed with 230.5 ml of H2O, incubated at 95ºC
for 5 min, cooled on ice for 30 s, and placed at room temperature for
5 min. We then added 60 ml of 1 M HEPES (pH 8.0) and 7.5 ml of 2 M
KCl. We incubated at 90ºC for 1min, added 1 ml of DMS, and incubated
at 90ºC for 30 s. Thirty microliters of 3 M NaAc (pH 5.5) was added as
well as 900 ml of cold ethanol. The tube was vortexed and kept on dry
ice for 15 min. The RNA was pelleted by centrifugation at 14,000 rpm
for 15 min, and the pellet was washed with 75% ethanol and air dried.
The products were reverse transcribed as described above.
Chemical modification of the RNAwith CMCTwas carried out as fol-
lows: One microliter of RNA solution (corresponding to 5 mg) was
mixed with 123.75 ml H2O, incubated at 95ºC for 5 min, cooled on
ice for 30 s, and placed at room temperature for 5 min. 7.5 ml of 1 M
NaB4O7 (pH 8.0), 3.75 ml of 2 M KCl, and 15 ml of 3.5 or 35 mM
MgCl2 were added and incubated at 37ºC for 30 min. Fifty microliters
of 42 mg/ml solution of CMCT (in H2O) was added, and the reaction
mixture was incubated at 37ºC for 5 min. Twenty microliters of 3 M
NaAc (pH 5.5) was added. Then, 600 ml cold ethanol was added, and
the tube was vortexed and kept on dry ice for 15 min. The RNA was
pelleted by centrifugation at 14,000 rpm for 15 min, and the pellet
was washed with 75% ethanol and air dried. The products were re-
verse transcribed by using SuperScript II RNase H Reverse Tran-
scriptase (Invitrogen) according to the manufacturer’s specifications,
separated using 7.5 M urea polyacrylamide gel electrophoresis, and
detected by autoradiography. The cleavage sites were determined
by using a DNA sequencing ladder generated from a PCR product am-
plified with primers 4443 and 32P-labeled 4445 and degraded by the
Maxam and Gilbert reaction. CMCT modification of the denatured
RNA was carried out in the same fashion except that the 7.5 ml of
1 M NaB4O7 (pH 8.0) and 3.75 ml of 2 M KCl (i.e., no MgCl2) was added
and the incubation was carried out at 90ºC for 1 min instead of 37ºC for
30 min. Then, 50 ml of 42 mg/ml solution of CMCT (in H2O) was added,
and the incubations and treatments were carried out as described
above.
In Vitro Transcription Assays Using E. coli RNA Polymerase
Linear DNA templates containing the plac1-6 promoter region were gen-
erated by the PCR as follows: The control template that includes the
first 260 nucleotide fragment of the lacZ gene was amplified from plas-
mid pYS1000 DNA using primers 5539 and 5910, and the template
harboring the full-length mgtA 50UTR was amplified using plasmid
pYS1010 DNA and primers 5539 and 5511. Single-round in vitro tran-
scription was carried out as described (Kajitani and Ishihama, 1983).
Briefly, 1 unit of E. coli RNA polymerase s70 holoenzyme (EPICENTRE)
was incubated with 0.5 mg template DNA in 35 ml transcription buffer,
which contains 100 mM Tris-HCl (pH 8.0), 100 mM NaCl, 0.2 mM
EDTA, 0.2 mM DTT, 50 mg/ml BSA, and the indicated Mg2+ concentra-
tions (i.e., 0.35, 0.7, 1.4, and 3.5 mM) at 37ºC for 30 min to form open
complexes. RNA synthesis was initiated by adding 15 ml of NTP-hep-
arin mixture, which contained 0.32 mM ATP, CTP, GTP; 0.1 mM UTP;
3 mg heparin; and 2 mCi [a-32P]UTP (Amersham). After a 10min incuba-
tion at 37ºC, transcripts were precipitated with one-tenth the volume
of 3 M sodium acetate (pH 5.5) and three volumes of ethanol, sep-
arated in an 7.5 M urea polyacrylamide gel electrophoresis, and de-
tected by autoradiography.
The kinetic analysis was carried out using the same conditions de-
scribed above, except that the reaction volume was the number of82 Cell 125, 71–84, April 7, 2006 ª2006 Elsevier Inc.time points  50 ml. At each time point, 50 ml of the mixture was re-
moved to a new Eppendorf tube, and transcription was stopped by
the addition of ethanol.
In Vitro Transcription Using T7 RNA Polymerase
Linear full-lengthmgtA 50UTRDNA templates carrying the T7 promoter
region were generated by the PCR using chromosomal DNA from
strain 14028s and primers 6712 and 5511. The in vitro transcriptionwas
carried out as follows: Five units of T7 RNA polymerase (EPICENTRE)
was incubated with 0.5 mg template DNA in 20 ml transcription buffer,
which contains 40 mM Tris-HCl (pH 7.5), 10 mM NaCl, 2 mM spermi-
dine, 10 mM DTT, 6 mM Mg2+, 0.5 mM ATP, CTP, GTP, 0.125 mM
UTP, and 2 mCi [a-32P]UTP. RNA synthesis was carried out by incubat-
ing this mixture at 37ºC for 30 min. Transcripts were precipitated with
ethanol, separated in 7.5 M urea polyacrylamide gel electrophoresis,
and detected by autoradiography.
32pCp Labeling of the 30 End of the Generated RNA
T4 RNA ligase was purchased from New England Biolabs. The precip-
itated RNA product prepared for in vitro transcription experiments
using E.coli RNA polymerase or T7 RNA polymerase was resuspended
in 14 ml of H2O, 10 mCi of
32pCp (1 ml, Amersham), 2 ml of 10 mM ATP,
2 ml of 10X T4 RNA ligase reaction buffer, and 5 U (1 ml) of T4 RNA li-
gase. The reaction mixture was incubated at 4ºC overnight, then
treated once with an equal volume of phenol. Labeled RNA was pre-
cipitated with ethanol, separated in 7.5 M urea polyacrylamide gel
electrophoresis, and detected by autoradiography.
S1 Nuclease Assay
The S1 nuclease protection assaywas performed as described (Garcia
Vescovi et al., 1996), with RNA harvested frommid-exponential-phase
cultures (OD600 of 0.3–0.4) grown in 30 ml of N minimal medium
(pH 7.4) containing 10 mMMgCl2. Total RNA was isolated with SV Total
RNA Isolation Kit (Promega) according to the manufacturer’s specifi-
cations. Either primer 6074 or 4445 was labeled at the 50 end by phos-
phorylation with [g-32P]ATP using T4 polynucleotide kinase (Invitrogen)
as described (Kato et al., 2003), and a PCR product was generated us-
ing Salmonella chromosomal DNA as template and the following
primer pairs: 6074 and 6075 or 4445 and 6075. The resulting labeled
PCR products were used as probes as follows: The product generated
with primers 6074 and 6075 was used with RNA prepared from wild-
type (14028s), Plac0 (YS774), and Plac1 (YS929) strains; the product
generated with primers 4445 and 6075 was used with RNA prepared
from Plac32 (YS802), Plac76 (YS779), Plac 126 (YS824), and Plac158
(YS803) strains.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, four tables, and five figures and can be
found with this article online at http://www.cell.com/cgi/content/full/
125/1/71/DC1/.
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